Recent studies have revealed that oxidative stress has detrimental effects in several models of neurodegenerative diseases, including subarachnoid hemorrhage (SAH). However, how oxidative stress affects acute brain injury after SAH remains unknown. We have previously reported that overexpression of copper/zinc-superoxide dismutase (SOD1) reduces oxidative stress and subsequent neuronal injury after cerebral ischemia. In this study, we investigated the relationship between oxidative stress and acute brain injury after SAH using SOD1 transgenic (Tg) rats. SAH was produced by endovascular perforation in wild-type (Wt) and SOD1 Tg rats. Apoptotic cell death at 24 h, detected by a cell death assay, was significantly decreased in the cerebral cortex of the SOD1 Tg rats compared with the Wt rats. The mortality rate at 24 h was also significantly decreased in the SOD1 Tg rats. A hydroethidine study demonstrated that superoxide anion production after SAH was reduced in the cerebral cortex of the SOD1 Tg rats. Moreover, phosphorylation of Akt and glycogen synthase kinase-3b (GSK3b), which are survival signals in apoptotic cell death, was more enhanced in the cerebral cortex of the SOD1 Tg rats after SAH using Western blot analysis and immunohistochemistry. We conclude that reduction in oxidative stress by SOD1 overexpression may attenuate acute brain injury after SAH via activation of Akt/GSK3b survival signaling.
Introduction
Subarachnoid hemorrhage (SAH) results in a high mortality rate, despite sophisticated medical management and neurosurgical techniques. Recent studies have emphasized the importance of acute brain injury after SAH (Cahill et al, 2006) . In the clinical setting, most deaths occur within hours after onset of SAH (Broderick et al, 1994) , and those patients who survive the initial hemorrhage and overcome vasospasms frequently experience persistent cognitive deficits, psychosocial impairments, and a decreased quality of life because of acute brain injury (Hü tter et al, 2001) . However, the underlying mechanisms of this injury after SAH are poorly understood. Apoptosis has been reported to be involved in acute brain injury after experimental SAH (Matz et al, 2000b (Matz et al, , 2001 Park et al, 2004; Prunell et al, 2005) and in humans with SAH (Nau et al, 2002) . These reports suggest that apoptotic cell death may be a therapeutic target in acute brain injury after SAH.
Oxidative stress plays important roles in the pathogenesis of acute brain injury after SAH (Matz et al, 2000a (Matz et al, , 2001 . We have reported that copper/ zinc-superoxide dismutase (SOD1) is a crucial endogenous enzyme responsible for eliminating superoxide and that overexpression of SOD1 reduces cell injury after SAH (Matz et al, 2000a) . However, the mechanisms of SOD1 protection against SAH remain unclear. In cerebral ischemia, the neuroprotective role of SOD1 is partly mediated by Akt activation (Noshita et al, 2003) . The serinethreonine kinase, Akt, plays an important role in the cell death/survival pathway (Datta et al, 1997) . It is downstream of the phosphoinositide 3-kinase pathway and is activated by phosphorylation at Ser473 residue (Alessi et al, 1996) . Activated Akt promotes cell survival and suppresses apoptosis by phosphorylation and inhibition of several downstream substrates, including glycogen synthase kinase-3b (GSK3b) (Cross et al, 1995) , a mechanism by which neurons are proposed to become resistant to apoptotic stimuli (Hetman et al, 2000) . This Akt survival pathway is the focus for clarifying the machinery of apoptotic neuronal death in several models of neurodegenerative diseases, including cerebral ischemia, traumatic brain injury, spinal cord injury, and SAH (Endo et al, 2006a, b; Noshita et al, 2001 Noshita et al, , 2002 Yu et al, 2005) . This inspired us to investigate the relationship between SOD1 and the Akt pathway in acute brain injury after SAH. In this study, we address this issue by examining apoptotic cell death, superoxide production, and phosphorylation of Akt/GSK3b after SAH, using both wild-type (Wt) and SOD1 transgenic (Tg) rats.
Materials and methods

Copper/Zinc-Superoxide Dismutase Transgenic Rats
All animals were treated in accordance with Stanford University guidelines and the animal protocols approved by Stanford University's Administrative Panel on Laboratory Animal Care. Heterozygous SOD1 Tg rats with a Sprague-Dawley background, carrying human SOD1 genes, were derived from the founder stock and further bred with Wt Sprague-Dawley rats to generate heterozygous rats as previously described by our group . The phenotype of the SOD1 Tg rats was identified by isoelectric focusing gel electrophoresis. There were no observable phenotypic differences in brain vasculature between the Tg rats and Wt littermates.
Subarachnoid Hemorrhage Rat Model
Subarachnoid hemorrhage was produced in male SpragueDawley rats (270 to 300 g) using an endovascular perforation method (Bederson et al, 1995) . The rats were anesthetized with 2.0% isoflurane in 70% nitrous oxide and 30% oxygen using a facemask. Rectal temperature was controlled at 371C during surgery. The left common carotid artery was isolated and a 3-0 monofilament nylon suture was inserted through the internal carotid artery to perforate this artery at the bifurcation of the anterior and middle cerebral arteries. Subarachnoid hemorrhage was confirmed in each rat at autopsy. Sham-operated rats underwent identical procedures except the perforation. The animals were maintained in an air-conditioned room at 201C with ad libitum access to food and water before and after surgery.
Physiological Data and Mortality
After anesthesia, the femoral artery was exposed and catheterized with a PE-50 catheter to allow measurement of blood gas values, blood pH, and continuous recording of mean arterial blood pressure. Mortality was calculated 24 h after SAH.
Cell Death Assay
For quantification of DNA fragmentation, which indicates apoptotic cell death, we used a commercial enzyme immunoassay to determine cytoplasmic histone-associated DNA fragments (Roche Molecular Biochemicals, Indianapolis, IN, USA). Fresh brain tissue was taken and protein extraction of the cytosolic fraction was performed as described (Fujimura et al, 1998) . A cytosolic volume containing 20 mg of protein was used for the enzymelinked immunosorbent assay, as per the manufacturer's protocol.
In Situ Detection of Superoxide Anion Production
Early production of superoxide anions (O 2 À ) during SAH was investigated with the use of hydroethidine (HEt) as previously described . Hydroethidine is diffusible into the central nervous system parenchyma after an intravenous injection and is selectively oxidized to ethidium by O 2 À . Hydroethidine solution (200 mL; 1 mg/mL in 1% dimethylsulfoxide with saline) was administered intravenously 15 mins before perforation. The animals were perfused with 10 U/mL heparin saline and subsequently with 4% formaldehyde in phosphate-buffered saline 1 h after surgery. The brains were sectioned at 50 mm on a vibratome. Subsequently, the slides were covered with 4 0 ,6 diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA, USA) and observed with a fluorescent microscope.
Western Blot Analysis
Fresh brain tissue was removed and cut into 1.0-mm. coronal slices using a brain matrix (Zivic Laboratories Inc., Pittsburgh, PA, USA). Bilateral cerebral cortices (2.0 to 6.0 mm posterior to bregma) were quickly dissected under a microscope and used as samples. Whole-cell protein extraction was performed as described (Noshita et al, 2001) . Equal amounts of the samples were loaded per lane. The primary antibodies were 1:2,000 dilution of the antibody against Akt and phospho-Akt (Ser473), 1:1,000 dilution of the antibody against GSK3b and phospho-GSK3b (Ser9) (both from Cell Signaling Technology, Beverly, MA, USA), and 1:10,000 dilution of the antibody against b-actin (Sigma-Aldrich, St Louis, MO, USA). Western blots were performed with horseradish peroxidase-conjugated immunoglobulin G using enhanced chemiluminescence detection reagents (Amersham International, Buckinghamshire, UK).
Immunohistochemistry
Anesthetized animals were perfused with 10 U/mL heparin saline and subsequently with 4% formaldehyde in phosphate-buffered saline. The brains were sectioned at 50 mm with a vibratome. The same tissue sections that were used for Western analysis were used for immunohistochemistry. The sections were incubated with the antibody against phospho-Akt (Ser473) (Cell Signaling Technology) and an antibody against phospho-GSK3b (Ser9) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), each at a 1:50 dilution. Immunohistochemistry was performed via the avidin-biotin technique, followed by methyl green staining. To confirm the specificity of the antibody, immunohistochemistry with the antiphosphoAkt antibody preabsorbed with the phospho-Akt (Ser473) peptide (Cell Signaling Technology) was also performed.
Immunofluorescent Double Labeling Staining
For double staining of phospho-Akt (Ser473) and phosphoGSK3b (Ser9), the sections were incubated with a mouse antibody against phospho-Akt (Cell Signaling Technology) at the dilution of 1:50, followed by a Texas Red-conjugated immunoglobulin G antibody (Jackson ImmunoResearch, West Grove, PA, USA) at the dilution of 1:200. The sections were then incubated with a rabbit antibody against phospho-GSK3b (Santa Cruz Biotechnology) at the dilution of 1:50, followed by a fluorescein isothiocyanate-conjugated immunoglobulin G antibody (Jackson ImmunoResearch) at a dilution of 1:200. For double staining of phospho-GSK3b (Ser9) and neuron-specific nuclear protein (NeuN), the sections were incubated with a rabbit antibody against phospho-GSK3b (Santa Cruz Biotechnology) at the dilution of 1:50, followed by a Texas Red-conjugated immunoglobulin G antibody (Jackson ImmunoResearch) at a dilution of 1:200. The sections were then incubated with the anti-NeuN Alexa Fluorconjugated antibody (Chemicon International, Temecula, CA, USA) at the dilution of 1:200, then covered with VECTASHIELD mounting medium with 4 0 ,6 diamidino-2-phenylindole (Vector Laboratories) and observed with a fluorescent microscope.
Quantification and Statistical Analysis
Comparisons among multiple groups were performed with a one-way analysis of variance, followed by Scheffé's post hoc analysis (SigmaStat software; Jandel Corporation, San Rafael, CA, USA). Comparisons between two groups were achieved with Student's unpaired t-test. Significant differences between the groups regarding mortality were analyzed using a w 2 -test. The data are expressed as mean7 s.d. and significance was accepted with P < 0.05.
Results
Subarachnoid Hemorrhage and Physiological Data
In our model, SAH was diffusely distributed from the basal cistern to the cerebral cortex (Figure 1) . The whole brains, seen grossly, were edematous after SAH compared with the sham-operated brains. The grade of SAH, which was confirmed at autopsy, was similar between the Wt and SOD1 Tg rats. The mean values of pH, PaO 2 , PaCO 2 , and body temperature measured just after SAH are presented in Table 1 . No significant changes were observed in Figure 1 Representative photographs of rat brains after surgery. In the sham-operated rats (sc), there is no blood clotting throughout the brain. In the SAH group, clots are diffuse throughout the brain surface, especially around the bifurcation of the anterior and middle cerebral arteries in the basal cistern. To investigate apoptotic cell death in acute brain injury after SAH, DNA fragmentation was analyzed with a commercial enzyme immunoassay (cell death assay) (Figure 2A ). In the Wt rats, the cell death assay revealed that DNA fragmentation was significantly increased at 24 h compared with the shamoperated rats. DNA fragmentation in the SOD1 Tg rats was significantly decreased at 24 h compared with the Wt rats at the same time point. The mortality rate at 24 h seems to include death caused by acute brain injury after SAH (Park et al, 2004) , because vasospasm occurs during the later phase after SAH (Kamii et al, 1999) . This mortality rate was 31.4% for the Wt rats (11 of 35) and 7.69% for the SOD1 Tg rats (2 of 26) ( Figure 2B ). Statistical analysis showed that the mortality rate for the SOD1 Tg rats was significantly decreased. These results indicate that SOD1 overexpression reduced apoptotic cell death in the cerebral cortex and the mortality rate 24 h after SAH.
Production of O 2 À After Subarachnoid Hemorrhage in the Wild-type and Copper/Zinc-Superoxide Dismutase Transgenic Rats
To confirm whether free radical production was increased after SAH, we examined O 2 À production using HEt as described previously . O 2 À production was shown by oxidized HEt signals in the cytosol of the cerebral cortex in both the sham-operated Wt and sham-operated SOD1 Tg rats, and no conspicuous difference was observed between them ( Figure 2C ). However, enhanced vesicular signals were observed in the cerebral cortex at 1 h in the Wt rats, but were markedly decreased in the SOD1 Tg rats. These results suggest that O 2 À production was accelerated by SAH and was inhibited by SOD1 overexpression.
Phosphorylation of Akt After Subarachnoid Hemorrhage
We then investigated whether SAH affects the phosphorylation of Akt. Bands of phospho-Akt (Ser473) and Akt were observed at 60 kDa with Western blot analysis ( Figure 3A) . Immunoreactivity of phospho-Akt was significantly increased at 6 h in the Wt rats. In the SOD1 Tg rats, the increase in the phospho-Akt level was more prominent and persistent and a significant difference was seen at 6 and 24 h compared with the control brain samples. In the comparison between the two groups, phospho-Akt was significantly increased at 24 h in the SOD1 Tg rats. Immunoreactivity of Akt showed no prominent change after SAH in either group. An immunohistochemistry study showed slight immunoreactivity of phospho-Akt (Ser473) in each cortical region, including the parietal cortex and basal cortex, of the control brains ( Figure 3B ). This immunoreactivity became stronger at 24 h in the parietal and basal cortices in both groups. In the SOD1 Tg rats, phospho-Akt expression at 24 h was more prominent than in the Wt rats in the parietal and basal Analysis with a commercial cell death detection kit revealed that apoptotic-related DNA fragmentation in the Wt rats significantly increased at 24 h compared with the shamoperated rats (sc) (n = 4, *P = 0.0006). In a comparison between the two groups, DNA fragmentation at 24 h was significantly decreased in the SOD1 Tg rats (n = 4, **P = 0.0169). (B) The mortality rate at 24 h was significantly decreased in the SOD1 Tg rats (***P = 0.0302). (C) Fluorescent double staining of oxidized HEt signals (red) and 4 0 ,6 diamidino-2-phenylindole (blue) after SAH. Slight O 2 À production was seen in the cytosol of the sham-operated control brains (sc) in both groups. At 1 h after SAH, enhanced vesicular signals were observed in the cerebral cortex of the Wt rats (arrows), but were markedly decreased in the SOD1 Tg rats. Scale bar represents 50 mm.
cortices. These results indicate that phosphorylation of Akt is accelerated after SAH and that SOD1 overexpression may contribute to enhanced Akt phosphorylation.
Phosphorylation of Glycogen Synthase Kinase-3b after Subarachnoid Hemorrhage
Since phospho-Akt functions through phosphorylation and inhibition of GSK3b (Cross et al, 1995) , we further examined the phosphorylation of GSK3b. Bands of phospho-GSK3b (Ser9) and GSK3b were observed at 46 kDa in Western blot analysis ( Figure  4A ). Immunoreactivity of phospho-GSK3b was significantly increased at 6 and 24 h in both groups. In the comparison between the two groups, phosphoGSK3b was significantly increased at 6 and 24 h in the SOD1 Tg rats. Immunoreactivity of GSK3b showed no prominent change in either group. An immunohistochemistry study showed slight immunoreactivity of phospho-GSK3b (Ser9) in each cortical region, including the parietal cortex and basal cortex of the control brains ( Figure 4B ). This immunoreactivity became stronger at 24 h in the parietal and basal cortices in both groups and in the SOD1 Tg rats, phospho-GSK3b expression at 24 h was more prominent than in the Wt rats. These results indicate that phosphorylation of GSK3b is accelerated after SAH and that SOD1 overexpression may contribute to enhanced GSK3b phosphorylation.
Colocalization of Phospho-Akt and Phospho-GSK3b, and Phospho-GSK3b and Neuron-specific Nuclear Protein
We performed a double immunofluorescent study to investigate what type of cells showed activation of Akt/GSK3b signaling. This study demonstrated that phospho-Akt-positive cells colocalized with phospho-GSK3b-positive cells in the cerebral cortex 6 h after SAH (Figure 5A-C) . Moreover, phosphoGSK3b-positive cells colocalized mainly with neurons at the same time point (Figure 5D-F) . These results suggest that phosphorylation of both Akt and GSK3b occurred mainly in neurons after SAH.
Discussion
Antioxidant enzymes play a major role in the mechanism by which cells counteract the deleterious effects of reactive oxygen species. Superoxide dismutase is one of these antioxidant enzymes and we have reported that SOD1 overexpression has a protective effect against cerebral ischemia (Noshita et al, 2003) , spinal cord injury (Yu et al, 2005) , and SAH (Matz et al, 2000a) . However, the protective mechanisms of SOD1 overexpression against SAH are largely unknown. Based on the results of the present study, we propose that the reduction in oxidative stress by SOD1 overexpression attenuates acute brain injury after SAH via activation of Akt/ GSK3b survival signaling.
Many factors, such as acute cerebral ischemia (Park et al, 2004) , subarachnoid blood toxicity (Matz Figure 3 Changes in phosphorylation of Akt (pAkt) after SAH. (A) Western blot analysis showed that pAkt (Ser473) expression in the Wt rats increased significantly at 6 h compared with the sham-operated control (sc) samples (n = 4, *P < 0.05). In the SOD1 Tg rats, pAkt was significantly increased at 6 and 24 h compared with the sham-operated control samples (n = 4, **P < 0.01). In a comparison between the two groups, pAkt was significantly increased at 24 h in the SOD1 Tg rats (n = 4, # P < 0.05). There was no prominent change in Akt. The results of a b-actin analysis are shown as an internal control. OD indicates optical density. (B) Immunohistochemistry for pAkt (Ser473) showed that immunoreactivity became much stronger 24 h after SAH in the parietal and basal cortices of the SOD1 Tg rats compared with the Wt rats. Scale bar represents 100 mm.
et al, 2000a), or acute vasospasm (Bederson et al, 1998) , are involved in the complicated mechanism of acute brain injury after SAH. These factors induce apoptotic cell death after SAH (Matz et al, 2000b; Park et al, 2004; Prunell et al, 2005) , which may be the therapeutic target for clinical SAH. Superoxide dismutase Tg animals may help us understand these complicated mechanisms of acute brain injury after SAH. We have reported that cell injury caused by SAH was reduced by SOD1 overexpression, although apoptotic cell death was not attenuated (Matz et al, 2000a) . However, apoptotic cell death detected by a cell death assay was decreased in the SOD1 Tg animals in the present study. This discrepancy may depend on the model of SAH. We injected 50 mL of autologous blood into the subarachnoid space to examine subarachnoid blood toxicity in our previous study (Matz et al, 2000a) . In the present study, however, we used a perforation model of SAH (Bederson et al, 1995) , which theoretically mimics the mechanism of clinical SAH. In this model, the mechanism of brain injury might be more complicated. After perforation, blood is rapidly distributed throughout the brain surface, and intracranial pressure is rapidly and dramatically increased, resulting in acute global ischemia. A subarachnoid blood clot itself induces oxidative stress and cell injury (Matz et al, 2000a) , which might be amplified by this acute global ischemia. To assess the degree of oxidative stress after SAH, we used a HEt technique that can detect O 2 À production in vivo . O 2 À plays a key role in the oxidative chain reaction, producing a highly reactive oxidant. O 2 À production was observed after SAH (Mori et al, 2001) , as well as after cerebral ischemia , which can cause apoptotic neuronal injury. Reduction in O 2 À production caused by SOD1 overexpression decreased apoptotic neuronal death after cerebral ischemia (Noshita et al, 2003) . In the present study, O 2 À production detected by the HEt study 1 h after SAH was prominently inhibited in the SOD1 Tg rats compared with the Wt rats. Thus, this decrease in oxidative stress might lead to a decrease in acute brain injury after SAH, which would be detected by the extent of apoptotic cell death and the mortality rate at 24 h in the SOD1 Tg rats. In addition, the volume of the SAH is an important factor affecting outcome (Prunell et al, 2003) . Although we observed no differences in hemorrhagic volume between the Wt and the SOD1 Tg rats, these observations need to be further confirmed by additional quantitative measurements, which would allow us to better understand the oxidative mechanisms involved in this model.
Akt plays a crucial role in the cell death/survival pathway through several different downstream targets including GSK3b (Cross et al, 1995) . We have reported a temporal increase in phospho-Akt after cerebral ischemia (Endo et al, 2006a; Noshita et al, 2001) , traumatic brain injury (Noshita et al, 2002) , spinal cord injury (Yu et al, 2005) , and SAH (Endo et al, 2006b ). These studies suggest that relatively mild insults upregulate Akt phosphorylation, while severe damage downregulates it (Noshita et al, 2001) . Glycogen synthase kinase-3b phosphory- Figure 4 Changes in phosphorylation of GSK3b (pGSK3b) after SAH. (A) Western blot analysis showed that pGSK3b (Ser9) expression in both the Wt and SOD1 Tg rats increased significantly at 6 and 24 h compared with the sham-operated control (sc) samples (n = 4, *P < 0.0001). In a comparison between the two groups, pGSK3b was significantly increased at 6 and 24 h in the SOD1 Tg rats (n = 4, # P < 0.005). There was no prominent change in GSK3b. The results of a b-actin analysis are shown as an internal control. OD indicates optical density. (B) Immunohistochemistry for pGSK3b (Ser9) showed that immunoreactivity became much stronger at 24 h in the parietal and basal cortices of the SOD1 Tg rats compared with the Wt rats. Scale bar represents 100 mm.
lation at Ser9 is accelerated in the neurons as a downstream target of Akt, and activation of the Akt/ GSK3b pathway mediates neuronal survival after cerebral ischemia (Endo et al, 2006a) or SAH (Endo et al, 2006b) . Therefore, the Akt/GSK3b survival pathway seems to play a significant role in the neuronal death machinery of neurodegenerative diseases. In this study, Akt phosphorylation at Ser473 and GSK3b phosphorylation at Ser9 were increased in the parietal cortex and basal cortex, after SAH in both the Wt and the SOD1 Tg rats. The double immunofluorescent study showed that this phosphorylation occurred in cortical neurons. In the Wt rats, phosphorylation of these proteins peaked at 6 h and tended to decrease thereafter. In contrast, phosphorylation of these proteins was more prominent and continued to increase up to 24 h after SAH in the SOD1 Tg rats. These results suggest that SOD1 overexpression modulates phosphorylation of both Akt and GSK3b after SAH. The oxidative stress caused by SAH may switch on the phosphorylation of these proteins, because oxidative stress is one of the triggers for Akt activation (Noshita et al, 2003) . However, excessive stress may result in dephosphorylation of these proteins in the Wt rats. As a result, protection by the Akt/GSK3b pathway would be overcome and acute brain injury would occur. In the SOD1 Tg rats, reduction in oxidative stress by SOD1 overexpression may prevent dephosphorylation of these proteins, resulting in continuous activation of the Akt/GSK3b survival pathway and decreased subsequent apoptotic cell death. In addition to the cell survival pathway, SOD1 overexpression modulates cell death pathways, such as the mitochondrial pathway, after cerebral ischemia (Fujimura et al, 2000) , which may contribute to protective mechanisms against SAH. Thus, determining how SOD1 overexpression modulates the cell death/survival pathway could clarify the detailed mechanisms of acute brain injury after SAH.
In summary, this study suggests that oxidative stress plays a significant role in acute brain injury after SAH, and that the neuroprotection of SOD1 is partly mediated by activation of the Akt/GSK3b survival pathway. Reducing oxidative stress, thereby activating the survival pathway, could be a therapeutic target for acute brain injury after SAH in a clinical situation. 
